The Dynamics and Regulation of Mesenchymal Cell Fusion in the Sea Urchin Embryo  by Hodor, Paul G. & Ettensohn, Charles A.
The Dynamics and Regulation of Mesenchymal
Cell Fusion in the Sea Urchin Embryo
Paul G. Hodor and Charles A. Ettensohn
Department of Biological Sciences, and Center for Light Microscope Imaging and
Biotechnology, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
Cell–cell fusion occurs in a wide variety of developmental contexts, yet the mechanisms involved are just beginning to be
elucidated. In the sea urchin embryo, primary mesenchyme cells (PMCs) fuse to form syncytial filopodial cables within
which skeletal spicules are deposited. Taking advantage of the optical transparency and ease of micromanipulation of sea
urchin embryos, we have developed methods for directly observing the dynamics of PMC fusion in vivo. A fraction of the
PMCs was labeled with fluorescent dextran and transfer of the dye to unlabeled PMCs was followed by time-lapse,
fluorescence microscopy. Fusion was first detected about 2 h after PMCs began to migrate within the blastocoel. Fusion
proceeded in parallel with the assembly of the PMC ring pattern and was complete by the early gastrula stage. The formation
of a single, extensive PMC syncytium was confirmed by DiI labeling of fixed embryos. When single micromeres were
isolated and cultured in unsupplemented seawater, they divided and their progeny underwent fusion. This shows that the
capacity to fuse is autonomously programmed in the micromere–PMC lineage by the 16-cell stage. PMC transplantations
at late embryonic stages revealed that these cells remain fusion-competent long after their fusion is complete. At late stages,
other mesenchyme cells (blastocoelar cells) are also present within the blastocoel and are migrating and fusing with one
another. Fusion-competent blastocoelar cells and PMCs come into contact but do not fuse with one another, indicating that
these two cell types fuse by distinct mechanisms. When secondary mesenchyme cells convert to a skeletogenic fate they
alter their fusogenic properties and join the PMC syncytium, as shown by transfer of fluorescent dextran. Our analysis has
provided a detailed picture of the cellular basis and regulation of mesodermal cell fusion and has important implications
regarding molecular mechanisms that underlie fusion. © 1998 Academic Press
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INTRODUCTION
Fusion of biological membranes has been conceptually
divided into two topological classes, corresponding to the
two different bilayer leaflets that first come into contact:
ectoplasmic fusion, involving contact between leaflets fac-
ing the extracellular or vesicular space, and endoplasmic
fusion, involving contact between leaflets facing the cy-
tosol (White, 1992; Rothman and Warren, 1994). While
some components of a general endoplasmic fusion machin-
ery have been described recently (Ferro-Novick and Jahn,
1994; Rothman, 1994), among exoplasmic fusions only the
infection of cells by enveloped viruses has been studied in
depth (Skehel et al., 1995; White, 1995). Basic developmen-
tal and morphogenetic processes involving cell–cell fusion,
such as fertilization, myogenesis, and syncytial trophoblast
formation, are still poorly characterized. The sperm protein
fertilin (PH-30) has been implicated in binding and/or
fusion during fertilization, possibly through binding to
a6b1 integrin on the egg surface (Bigler et al., 1997).
Sequence homologies define a large protein family, the
ADAMs, to which fertilin belongs, with common domain
organization (Wolfsberg and White, 1996; Blobel, 1997).
Several ADAMs, including fertilin, contain a peptide re-
sembling viral fusion peptides, suggesting a possible role in
cell–cell fusion events. One of these proteins, meltrin a,
has been implicated in myoblast fusion (Yagami-Hiromasa
et al., 1995). Genetic studies in Drosophila have led to the
identification of several genes involved in myoblast fusion
that have been shown by electron microscopic examination
of mutant larvae to be required at specific steps of the
complex fusion process (Doberstein et al., 1997).
In sea urchin embryos, fusion of primary mesenchyme
cells (PMCs) was first described more than a century ago
(The´el, 1892), but has attracted modest attention since. The
syncytial nature of PMC association was demonstrated
DEVELOPMENTAL BIOLOGY 199, 111–124 (1998)
ARTICLE NO. DB988924
0012-1606/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved. 111
directly by transmission electron microscopy (Gibbins et
al., 1969). These investigators described PMC cytoplasmic
cables present during gastrulation, to which individual cell
bodies were attached through 0.5-mm-thick stalks. Skeletal
spicules were shown to be deposited within these cables.
Studies of PMC fusion by brightfield microscopy have
shown that the cytoplasmic cables arise from the fusion of
filopodia (Okazaki, 1960, 1965; Gustafson and Wolpert,
1961). The earliest stages of cell fusion cannot be detected
by transmitted light optics, however, and the spatial and
temporal pattern of fusion in vivo is unknown. Whether
PMC fusion might be regulated by extrinsic signals has
likewise been an unresolved issue. Hagstro¨m and Lo¨nning
(1969) cultured single micromeres in seawater and reported
that the cells divided and appeared to form syncytia.
McCarthy and Spiegel (1983), however, found that in the
absence of added serum, micromere progeny formed
rosette-like clusters that lacked pseudopodial extensions
and cytoplasmic cables, as judged by scanning electron
microscopy. In the presence of horse serum, the micromere
progeny fused and made spicules, suggesting that serum-
derived factors might be required for fusion.
To gain a better understanding of PMC fusion, we have
used fluorescent markers to directly monitor cytoplasmic
and plasma membrane continuity between cells. Here, we
first present an overall picture of fusion dynamics within
the PMC population during normal embryogenesis. Then
we address the question of whether signals from the em-
bryonic environment regulate fusion. We further analyze
possible mechanisms of the cell-type specificity of meso-
dermal cell fusion. Finally, we consider fusion properties of
secondary mesenchyme cells (SMCs) that switch to a skel-
etogenic fate.
MATERIALS AND METHODS
Embryo Culture
Adult Lytechinus variegatus were obtained from Susan Decker
(Davie, FL) and from the Duke University Marine Laboratory
(Beaufort, NC). Adult L. pictus were obtained from Marinus, Inc.
(Long Beach, CA). Shedding of gametes was induced by intracoelo-
mic injection of 0.5 M KCl. Eggs were washed in Instant Ocean (IO)
(Aquarium Systems, Inc.), fertilized with a dilute sperm suspen-
sion, and cultured in IO at various temperatures to regulate the
developmental rate of embryos: 18–25°C for L. variegatus, 15–18°C
for 18 h followed by 18–25°C for L. pictus.
Analysis of PMC Fusion by Transplantation
of Fluorescently Labeled Cells
One method that was used to assess PMC fusion involved cell
transplantation and is illustrated in Fig. 1A. Donor embryos of
stages ranging from mesenchyme blastula to prism were prepared
as follows: Fertilized eggs were pipetted onto a polylysine-coated
coverslip in IO and were injected as described (Ruffins and Etten-
sohn, 1996) with one of the following aqueous solutions: 5% lysine
fixable tetramethylrhodamine dextran, Mr 70 3 10
3 (LRD70) (Mo-
lecular Probes, Inc., Eugene, OR); 8% lysine fixable fluorescein
dextran, Mr 10 3 10
3 (LFD10) (Molecular Probes); or 10% fluores-
cein isothiocyanate dextran, Mr 10 3 10
3 (FD10) (Sigma Chemical
Co., St. Louis, MO). Injected eggs were cultured in 35-mm tissue
culture dishes in parallel with their unlabeled siblings. In some
cases, shortly before transplantation, dextran-injected embryos
were double-labeled with rhodamine B isothiocyanate (RITC) (Et-
tensohn and McClay, 1986, 1988). One to 20 PMCs from FD10- or
LRD70-labeled donor embryos were transplanted immediately af-
ter ingression (except where noted) into unlabeled hosts, as de-
scribed (Ettensohn and McClay, 1986, 1988). The stages of host
embryos ranged from swimming blastula to early pluteus.
Manipulated embryos were mounted on a slide under a
polylysine-coated coverslip supported by two strips of double-sided
tape (Scotch #665) and examined with differential interference
contrast (DIC) or epifluorescence optics. The light source for
fluorescence microscopy was a 100-W halogen lamp that allowed
for continuous adjustment of light intensity. For time-lapse video
microscopy, images were collected with a Hamamatsu Newvicon
SIT camera connected to an Argus 10 image processor and were
stored on a Panasonic TQ-3038F optical disk recorder. Recording
was controlled by a program written by Dr. Seth Ruffins running on
a PC 386 computer. Brightfield images were automatically re-
corded every 1 min to facilitate tracking of individual PMCs, while
fluorescent images were collected manually every 15 min. PMC
fusion was monitored by the transfer of fluorescent dye from donor
cells to unlabeled host PMCs (Fig. 1A, inset).
Analysis of PMC Fusion by Micromere Labeling
and 4-D Confocal Microscopy
A second method used to assess PMC fusion involved labeling of
PMC progenitors (Fig. 1B). Single micromeres of 16- or 28-cell stage
L. variegatus embryos were iontophoretically injected with FD10.
Embryos were immobilized and injection needles prepared as
described by Ruffins and Ettensohn (1996). The iontophoretic
device consisted of a 9-V battery connected in series to a set of
selectable resistors ranging from 10 to 100 MV, to allow setting an
upper current limit between 1 and 0.1 nA. A push-button switch
was used for manual timing of the injections. The negative pole
was grounded to the microscope stage and was in electrical contact
with the IO containing the embryos, while the positive electrode
consisted of a platinum wire that was inserted into the back of the
injection needle. Progress of the injection was monitored under
dim epifluorescence illumination.
Injected embryos were transferred into 35-mm tissue culture
dishes and allowed to develop to the mesenchyme blastula stage.
Individual embryos were then mounted in a microchamber of
nylon mesh assembled as follows: A 22 3 50-mm #1 coverslip
was cleaned by briefly flaming over a gas burner. High vacuum
grease (Dow Corning Corp., Midland, MI) was applied in a thick
square frame 20 mm wide that provided a larger chamber in the
center of the coverslip. Two thin parallel strips of grease were
applied in the center of the chamber, 1 to 2 mm apart. Several
drops of a 1 mg/ml solution of poly-L-lysine (Mr 150 –300 3 10
3,
Sigma) were laid over the space between the grease strips and
allowed to dry at 60°C. After rinsing with water, the chamber
was filled with IO and a single embryo was mouth-pipetted onto
the glass surface between the two grease strips with the vegetal
pole down. A 2 3 4-mm nylon mesh piece (47 mm opening size)
was prepared by removing one thread in each direction, forming
a microchamber 130 mm wide. The mesh piece was laid over the
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embryo with the sides sticking to the grease strips. The micro-
chamber containing the embryo was closed with a small cover-
slip fragment, and the large chamber was then closed with a 22 3
22-mm #1.5 coverslip.
The mounted embryo was viewed by laser-scanning confocal
microscopy on a Bio-Rad MRC 600 microscope equipped with a
krypton/argon laser and 203 (NA 5 0.80) and 403 (NA 5 1.00) plan
apochromatic oil immersion objectives. The laser light intensity
was set to 3%. Every 5 to 10 min a pair of image stacks was
collected using brightfield and fluorescence optics. Each stack
usually consisted of 5 image planes 15 mm apart (brightfield), and
20 image planes 4 mm apart (fluorescence). Individual images were
256 3 256 pixels. Fluorescence images were acquired with nonlin-
ear amplification (setting 14) to improve low-level signals and to
compensate for dye bleaching.
For 4-D analysis (3-D plus time) the microscope’s operating
system (CoMOS version 6.01) was used to project each stack of the
fluorescence series twice with a 10.5 and a 20.5 pixel shift,
respectively, producing stereo image pairs. Each pair was combined
into an RGB color stereo image using a program written by Dr. G.
Fisher for the BDS Image software environment (Oncor, Inc.,
Gaithersburg, MD). The image series was converted to a Quick-
Time movie and viewed on a Macintosh computer using red–green
stereo glasses. Corresponding brightfield movies were obtained
from single projections of the brightfield image stacks.
To demonstrate cell fusion between cells that both contained
FD10, but at different concentrations, cell brightness measure-
ments were carried out on consecutive movie frames. Images were
imported into NIH Image, and cell boundaries were traced manu-
ally on projected images. The sum of the pixel values for each cell
was determined as a measure of cell brightness. A transitory
increase in cell brightness indicated FD10 diffusion into the cell
due to a fusion event with a cell containing a higher dye concen-
tration.
DiI Labeling of the PMC Syncytium
Gastrula stage embryos were fixed with 5% paraformaldehyde
in IO (pH 8.3) for 2 to 4 h at room temperature and immobilized
in Kiehart microinjection chambers (Ettensohn and McClay,
1988). A DiI(C18)-coated glass microneedle (Ruffins and Etten-
sohn, 1993) was used to pierce the ectoderm and contact PMCs
at the tip of one of the longitudinal chains extending toward the
animal pole. The dye was allowed to transfer to the cells for 15
min before removing the needle. Following overnight incubation
at 4°C to allow dye diffusion, the embryos were observed by
epifluorescence microscopy.
FIG. 1. Experimental methods used to study the dynamics of PMC fusion in vivo. (A) Transplantation method. Fertilized eggs were
fluorescently labeled by injection of FD10 or LRD70. After development to the mesenchyme blastula stage, PMCs were transplanted to
unlabeled hosts, which were then followed by time-lapse microscopy. Cell–cell fusion was detected by dye transfer between labeled and
unlabeled cells (inset). (B) Micromere labeling method. A single micromere was iontophoretically injected with FD10 at the 16- or 28-cell
stage. Development to the mesenchyme blastula stage produced an embryo with one-quarter of the PMCs labeled. Their behavior was
followed by 4-D laser-scanning confocal microscopy.
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Clonal Cultures of Micromeres
Eggs were fertilized in the presence of 10 mM p-aminobenzoic
acid, rinsed, and cultured in IO. At the 16-cell stage fertilization
envelopes were removed by passing the embryos through 73-mm
nylon mesh. The embryos were then rinsed twice with calcium and
magnesium-free seawater and resuspended in calcium-free seawa-
ter (McClay, 1986). A blastomere suspension was prepared by
mechanically dissociating the embryos with a Pasteur pipet. A few
drops of the suspension were added to a 100-mm Petri dish
containing a layer of 1% agar in IO. After 1 h incubation, micro-
meres could be identified with a dissecting microscope as small
asymmetric doublets, consisting of a large and a small micromere.
They were transferred by mouth pipet to eight-chambered Lab-Tek
coverglasses (Nunc, Inc., Naperville, IL) containing IO, at a density
of 1 cell/5–10 mm2. Incubation was continued until sibling, undis-
sociated embryos reached swimming blastula stage. Cell behavior
was then followed with an inverted microscope by recording DIC
images every 1 min.
In some experiments, micromeres were cultured on flamed
22 3 50-mm coverslips in an open chamber bordered by a frame
of high vacuum silicone grease. After sibling, control embryos
had reached the prism stage, cells were fixed with 5% parafor-
maldehyde in IO for 2 h at room temperature. A glass mi-
croneedle bearing a DiI(C18) crystal attached with silicone glue
was used to touch a PMC at the edge of a clone. The dye was
allowed to transfer to the cell for 15 to 60 min. The clone was
then incubated overnight with the PMC-specific monoclonal
antibody (mAb) 6a9 (Ettensohn and McClay, 1988), followed by
staining with a Cy5-conjugated goat anti-mouse secondary anti-
body (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA). Specimens were observed by confocal microscopy.
Assay for Fusion of Converting SMCs with PMCs
Mesenchyme blastula embryos were immobilized in Kiehart
chambers and depleted of PMCs (Ettensohn and McClay, 1988).
Depleted embryos were used as hosts for transplanting PMCs
from LFD10-labeled isochronic donors (see above). Labeled cells
were counted when embryos reached the midgastrula stage, and
again at prism stage, after conversion of SMCs was complete.
RESULTS
Dynamics of PMC Fusion
Our initial experiments were carried out by transplanting
one or two LRD70- or LFD10-labeled PMCs into unlabeled
hosts at the mesenchyme blastula stage. Five embryos were
followed by video microscopy and analyzed for dye transfer
to host cells (Fig. 1A). Ten additional embryos were ob-
served without recording. Labeled cells were initially posi-
tioned in the vegetal area of the blastocoel and migrated
along with host PMCs. The time when fusion was first
detected varied from embryo to embryo, the earliest time
being about 2 h from PMC ingression in host embryos (Fig.
2). At this stage PMCs were actively migrating within the
blastocoel (Figs. 2A and 2C) and archenteron invagination
was beginning (Fig. 2C). The PMC ring pattern began to
form shortly thereafter.
A second method used for the analysis of PMC fusion
involved injection of single micromeres with FD10 (Fig 1B).
At the mesenchyme blastula stage, injected embryos had
one-quarter of their PMCs labeled, allowing observation of
fusion within the entire PMC population. Such embryos
usually developed normally when cultured individually in
the microchambers.
The behavior of PMCs was recorded in seven such em-
bryos for a total of more than 40 h, with two cases in which
the whole sequence of events could be captured. In the
embryo illustrated in Fig. 3, for the first 2 h after ingression
PMCs migrated randomly without undergoing fusion.
Then, during a 6-min interval, fusion occurred between a
number of cells located in different parts of the embryo
(Figs. 3A and 3B). Subsequent cell fusions occurred in
parallel with the gradual formation of the PMC ring pattern.
No consistent spatial distribution of fusion events was
apparent. In some instances cells could be clearly seen to
fuse through filopodial extensions (Figs. 3C–3E).
Late fusion events could be observed in two embryos.
Figure 4 shows an early gastrula embryo with an organized
PMC ring. Although numerous fusions had already taken
place by this stage, the dye concentration had not yet
reached an equilibrium. Cell 1 in Fig. 4A is a host PMC that
had acquired fluorescent label by previous fusions. Its
FIG. 2. Early PMC fusion during normal development. (A, B)
Brightfield and fluorescence views of an L. pictus embryo about 2 h
after ingression. Two LRD70-labeled PMCs had been transplanted
into this embryo. (C, D) The same embryo 15 min later. The arrows
point to one of the labeled donor cells. Dye transfer to a host PMC
(arrowheads) indicating fusion has just started in B and is already
extensive in D. Note the random distribution of host PMCs and the
beginning of archenteron invagination (i) in C. Bars, 20 mm.
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brightness was lower than that of the group of cells to its
upper right. Because of this concentration difference, a net
dye transfer toward cell 1 was seen when it fused with that
group of cells (Figs. 4B and 4C). The brightness of cell 1
increased over several movie frames from one stationary
value to another (Fig. 4C). During the same interval the
brightness of cell 2, not involved in fusion at this time,
stayed relatively constant. Observations of this kind indi-
cate that at least some PMCs undergo multiple fusion
events during gastrulation. We never detected fusions later
than 4.5 h after ingression, demonstrating that all PMCs
had fused with at least one partner prior to that time.
Formation of a Single PMC Syncytium
When single, labeled PMCs were transplanted into mes-
enchyme blastula hosts (Fig. 1A), the fluorescent marker
eventually became distributed throughout the PMC popu-
lation. This suggested that all PMCs might be joined in a
single, common syncytium during gastrulation. Alterna-
tively, the pattern of dye distribution we observed could
have been the result of dynamic fusion and separation
events, as have been observed in vitro (Karp and Solursh,
1985). To distinguish between these two possibilities, we
examined the extent of the PMC syncytium in fixed em-
FIG. 3. In vivo fusion dynamics within the PMC population. (A–D, F) Fluorescence stereo pair images from a movie following the behavior
of the descendants of an FD10-injected micromere of an L. variegatus embryo. Approximate times after PMC ingression are shown in hours
and minutes. In the interval between A and B four cells (arrows) have acquired the dye by fusion. Another cell (arrows in C and D) can be
seen incorporating the dye through a filopodium connecting it to the group of labeled cells to its right. The unlabeled cell in C is visible
in the corresponding brightfield image (E). Five hours after ingression, at the midgastrula stage, the dye is present throughout the PMC ring
(F). Descendants of the small micromere derived from the injected micromere have remained associated with the archenteron (arrowhead).
Bar, 10 mm.
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bryos using the lipophilic dye DiI. This marker transfers
from one cell to another if there is membrane continuity,
but not if cells are connected only by junctions, including
gap junctions (Goldberg et al., 1995). A total of 15 embryos
ranging from early to late gastrula were examined. A small
number of PMCs were labeled by touching them with a
DiI-coated needle inserted through the embryonic ectoderm
(Figs. 5A and 5B). The needle was then removed and the dye
was allowed to diffuse within the cellular membranes.
After overnight incubation, DiI had diffused throughout the
PMC ring pattern, revealing the presence of a single, exten-
sive PMC syncytium (Fig. 5C, arrowhead). In contrast, the
labeling in the ectoderm remained restricted to cells at the
immediate wound site (Fig. 5C, arrow). This labeling pat-
tern was observed as early as the midgastrula stage, when
the PMC ring was less sharply defined. There were more
than 50 labeled PMCs per embryo, which accounts for the
majority of PMCs. It remains possible that there might have
been a few additional unlabeled PMCs that could not be
detected. Nevertheless, our findings show that by the end of
gastrulation, at least most PMCs are joined in a single
syncytium that includes all parts of the subequatorial ring
pattern.
Autonomous Programming of PMC Fusion
We consistently observed a delay of about 2 h between
PMC ingression and fusion. This lag could be due to
extrinsic signals that regulate the timing of fusion or to an
autonomous program of PMC differentiation. To determine
whether external signals are required to induce fusion,
isolated micromeres were cultured in plain seawater, with-
out any added factors. Care was taken to avoid the presence
of other cells, and culture densities were kept low. This
eliminated the normal interactions between micromere
descendants and their embryonic environment. Under
FIG. 5. DiI diffusion shows the formation of a single, extensive
PMC syncytium. Brightfield (A) and fluorescence (B) image of a
fixed gastrula-stage embryo during DiI labeling. A dye-coated
needle was inserted through the ectoderm and brought into contact
with PMCs at the tip of one of the chains extending from the
ventrolateral clusters toward the animal pole (A, arrowhead). A few
PMCs (arrowhead) and ectoderm cells (arrow) have incorporated
the dye during the 15-min labeling period (B). The same embryo
after overnight incubation (C) shows that DiI has diffused through-
out the entire PMC ring, although a higher concentration is still
visible at the site of initial PMC labeling (arrowhead). In contrast to
PMCs, ectoderm cells retain the dye at the point of initial labeling
(arrow). Bars, 20 mm.
FIG. 4. Late PMC fusion during normal development. (A, B) Two
movie frames showing the same embryo as in Fig. 3, after extensive
fusion among PMCs. The brightness of cell 1 increases from A to B
due to fusion with the brighter group of cells to the upper right. (C)
Quantitation of the brightness of cells 1 and 2 (shown in A and B)
over several movie frames. Cell 1 undergoes a step-shaped increase
in brightness, while the brightness of cell 2, which is not involved
in fusion during this time, remains constant. The frames shown in
A and B are indicated by arrowheads.
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these culture conditions the survival of micromeres was
low and variable, with an average of roughly 10%. The
surviving cells, however, divided to form PMC clusters and
began to migrate on the substratum at the same time as
PMC migration was initiated in whole, sibling embryos
cultured in parallel. Analysis of time-lapse video micros-
copy sequences of 12 such clusters showed a behavior
similar to that observed in normal embryos (Fig. 6). Fusion
could be detected by morphological changes in the cells and
was first observed about 2 h after PMC ingression in sibling
embryos (Fig. 6B). Other fusion events could be inferred
from sudden directed movements of individual cells (Figs.
6C and 6D) or from the formation of cytoplasmic connec-
tions between cells (Figs. 6E–6G).
By visual inspection, all surviving PMC clusters appeared
to be fused. To confirm this finding, 10 clusters were fixed
and their membrane continuities probed with DiI. One cell
at the edge of a cluster was touched with a DiI crystal
attached to a microneedle (Fig. 7A) and the dye was allowed
to transfer to the cells (Figs. 7B and 7C). After overnight
incubation, the dye was present in all cells of the cluster
(Fig. 7C). All the cells of the clusters could also be stained
with the PMC-specific antibody 6a9 (Fig. 7E), confirming
that the cells were PMCs and providing evidence that other
aspects of their differentiation proceeded normally under
these culture conditions. The morphology of fused cell
clusters was somewhat different in vitro than in vivo. After
fusion, cells became connected through flat cytoplasmic
sheets (Fig. 7E, c) rather than cylindrical cables. The bodies
of the fused cells, however, did not become incorporated
into these sheets but remained raised above the substratum
(Fig. 6H, cells 4–7, and Fig. 7E, b).
The time course of in vitro fusion suggested that fuso-
genic properties of PMCs arise as a result of an autonomous
program established early in embryogenesis. Even so, fusion
in the normal embryonic environment might be modulated
(accelerated or delayed) by external signals, perhaps in a
local fashion. To address this question, we examined the
fusogenic behavior of PMCs transplanted into an early
environment. Two groups of mesenchyme blastula stage
FIG. 6. PMC fusion in vitro followed by time-lapse microscopy. Frames from a time-lapse recording of a clone of cells derived from a single
L. pictus micromere. Approximate times after PMC ingression in intact sibling embryos are indicated in hours and minutes. Cells 1, 2, and
3 (A) migrate up in the field and fuse (B) to form a triplet with indistinct cell boundaries (C). Cell 6 exhibits a sudden directed movement
toward cells 4 and 5 (C, D). (Note that other cells do not significantly move in the 4-min interval between C and D.) Cell 7 joins the group
of cells 4, 5, and 6 (E–G) in a slow movement to form a common syncytium (H). Bar, 20 mm.
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PMCs were cotransplanted into early blastula stage hosts
(4–5 h pre-PMC ingression) (Fig. 8). The first group was
composed of 2–10 cells double labeled with FD10 and RITC,
the second consisted of 10–20 unlabeled PMCs. Fusion was
detected by the appearance of cells that were labeled with
fluorescein, but not rhodamine (Fig. 8). The double-labeling
method was required in these experiments in order to
distinguish cell fusion from cell division, as host embryos
were not observed continuously by time-lapse microscopy.
In the embryo shown in Fig. 9, 4 double-labeled and more
than 10 unlabeled donor PMCs were transplanted. Fusion of
these cells was observed approximately 2 h after they had
originally ingressed in the donor embryos. By this time, the
host just started to form a thickened vegetal plate (Figs. 9C
and 9D). By the time the PMCs of the host embryo in-
gressed, the donor cells had already undergone extensive
fusion (Figs. 9E and 9F). In parallel with 15 experimental
embryos, 10 isochronic controls were prepared. They con-
sisted of unlabeled mesenchyme blastula host embryos into
which a small number of FD10 and RITC double-labeled
PMCs were transplanted. The time interval between ingres-
sion in donor embryos and the observation of fusion was
determined for each embryo. This interval was variable for
both experimental and control embryos, but fell within the
2- to 4.5-h time frame of PMC fusion in normal develop-
ment. The earliest fusions were observed between 2 and
2.5 h and occurred during the same 15-min interval in both
groups. These findings strengthen the view that PMC
fusion is initiated independent of external signals from the
embryonic environment.
Late PMC Fusion Competence
Although formation of the PMC syncytium is complete
at the early gastrula stage, it is possible that PMCs retain
their ability to fuse for a longer period of time. To test this
possibility, one to two FD10-labeled mesenchyme blastula
stage PMCs were transplanted into late gastrula (Fig. 10A)
or early pluteus hosts (Fig. 10C). In 14 of 15 cases (in 1 case
the transplanted PMC lysed), the fluorescent label had
spread throughout the PMC syncytium when the embryos
were scored, 18 h after the transplantation (Figs. 10B and
10D). When donor cells from prism stage embryos were
transplanted into sibling hosts, PMC fusion was observed in
5 of 6 cases, ruling out the possibility that at least one
member of a fusion pair must be a PMC of an early
developmental stage. These studies show that PMCs re-
main competent to fuse long after the formation of the
PMC syncytium, at least as late as the early pluteus stage.
Fusion Specificity
During gastrulation, blastocoelar cells also undergo fu-
sion. We never detected transfer of fluorescent markers
from PMCs to blastocoelar cells, demonstrating that the
two cell types do not fuse with one another despite sharing
the same embryonic compartment. A trivial explanation for
this might be that the two cell types never come into direct
contact. Even when PMCs were transplanted to the site of
SMC ingression at the tip of the archenteron, however,
fusion between these cell types never occurred (Fig. 10A).
More significantly, we were able to document examples of
direct PMC–SMC contact in time-lapse recordings of late
gastrula stage embryos. In the sequence shown in Fig. 11,
the SMC labeled s1 was formed through the fusion of two
cells and was in direct filopodial contact with PMCs (Fig.
11A, arrow). Another fusion event was seen between cells
s1 and s2 (Figs. 11B–11E). It is apparent that, in contrast to
PMCs, the bodies of SMCs sometimes join following fu-
sion. At the same time, cell s2 extended a filopodium that
contacted PMCs (Figs. 11E and 11F, arrow). Our previous
experiments showed that PMCs remain fusogenic even at
late developmental stages; thus, although both SMCs and
PMCs are fusion-competent late in gastrulation, only ho-
motypic cell contacts result in fusion.
SMC Fate Switching and Fusion
When PMCs are removed at the mesenchyme blastula
stage, they are replaced by SMCs that switch to a skeleto-
FIG. 7. DiI labeling of a clone of cells derived from culturing a
single micromere. (A) Brightfield image of a fixed L. pictus clone. A
cell at the edge of the clone (arrow) is being labeled with a DiI
crystal attached to a glass needle. (B) The same field in fluorescence
illumination showing dye transferring to the cell in contact with
the crystal. (C) After 1 h of diffusion, DiI can be detected even in
the cells at the far side of the clone (arrowhead, compare also with
A). The needle has drifted slightly downward during this time. (D)
Confocal stereo image pair of the same cells after overnight
incubation. The clone consists of a thin sheet of cytoplasm with
extending filopodia attached to the substratum and raised cell
bodies. DiI is present throughout the clone. Counterstaining with
mAb 6a9 (E) confirms the identity of cells as being PMCs. b, cell
bodies; c, cytoplasm sheet. Bar, 10 mm.
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genic fate (Ettensohn and McClay, 1988). Although it has
been shown that converted SMCs exhibit many of the
properties of PMCs, the possibility that these two cell
populations fuse with one another has never been tested. At
the mesenchyme blastula stage, the complete complement
of PMCs was removed from unlabeled host embryos and
5–15 FD10- or LFD10-labeled PMCs were transplanted into
the blastocoel. When the embryos reached the early gas-
trula stage, labeled PMCs were counted by examining the
embryos with fluorescence optics. This gave the number of
PMCs initially present in the reduced skeletogenic syncy-
tium (Figs. 12A and 12B). The embryos were then incubated
until control sibling embryos reached the prism stage. By
this time conversion of SMCs was complete. In all 20
experimental embryos a large increase in the number of
fluorescent cells was apparent (Fig. 12D). Since under these
conditions PMCs do not divide (Ettensohn and McClay,
1988), these experiments show that converted SMCs altered
their fusion competence and joined the PMC syncytium.
DISCUSSION
Biomineralization in marine invertebrates is often, but
not always, associated with the formation of syncytia. In
adult sea urchins, as well as their embryos, skeletal ele-
ments are deposited within syncytia (Heatfield and Travis,
1975). In ascidians, calcified biomineral is probably also
deposited within a syncytium (Lambert and Lambert, 1987).
In contrast, the spicules of calcareous sponges are synthe-
sized by individual sclerocytes connected by septate junc-
tions (Ledger, 1975). The specific role that syncytium for-
FIG. 8. Experimental outline for testing PMC fusion in an early embryonic environment. Unlabeled PMCs and PMCs that had been
double labeled with FD10 and RITC were transplanted together into a swimming blastula host. Fusion was detected by the transfer of FD10
to unlabeled PMCs (inset). RITC did not transfer upon fusion and was used to identify the original, double-labeled donor cells.
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mation might play in biomineralization is unknown. In the
case of PMCs, however, it seems likely that the creation of
an extensive intracellular compartment is required for the
formation of highly elongated spicule rods and perhaps for
spicule branching. Although it has been shown that indi-
vidual PMCs can form small spicules without undergoing
fusion, it is not clear whether such spicules elongate
(Okazaki, 1965). Our results show that an extensive PMC
syncytium is formed before the initiation of spicule depo-
sition. The formation of such a network might provide a
sufficiently expansive ‘‘privileged compartment’’ (Benson
and Wilt, 1992) within which conditions could be regulated
to support the growth of long, continuous skeletal ele-
ments. Fusion might also facilitate the spatial patterning of
the skeletal system. Because spicules grow within syncytial
cytoplasmic cables, the arrangement of which is deter-
mined by the ectoderm (reviewed by Ettensohn et al., 1997),
the formation of a stereotypical pattern of syncytial cables
might be an efficient means to regulate the complex
branching pattern of the larval skeleton.
Our experiments clarify important aspects of the regula-
tion of mesenchyme cell fusion during embryogenesis.
Using methods that visualize for the first time the dynam-
ics of cell–cell fusion in living embryos, we show that in
Lytechinus PMCs become fusogenic about 2 h after the
onset of migration and remain so throughout embryonic
development. There is no evidence of a reproducible pattern
of fusion within the forming subequatorial PMC ring.
Experiments on in vitro micromere cultures and cell trans-
plantation studies indicate that the onset of fusion compe-
tence is autonomously programmed in cells of the
micromere–PMC lineage. The lag between the onset of
PMC migration and fusion appears to be due to pro-
grammed changes in the PMCs, not changes in the embry-
onic environment. In contrast to the timing of fusion, the
normal morphology of the PMC syncytium, including the
formation of cytoplasmic cables, appears to require the
presence of the embryonic environment. This is indicated
by the fact that PMCs form sheet-like syncytia in vitro.
The behavior of PMCs and SMCs provides striking evi-
dence of the strict cell-type specificity of fusion. Based upon
time-lapse recordings and cell transplantation studies, we
FIG. 9. PMC fusion in an early embryonic environment. (A, C, and E) Confocal stereo image pairs of a transplanted embryo showing FD10
staining in green and RITC staining in red. Approximate times from PMC ingression in donor embryos are shown in hours and minutes. (B, D,
and F) Brightfield images recorded at the same time as A, C, and E. Four double-labeled and more than 10 unlabeled PMCs were transplanted into
this embryo (A, B). After about 2 h, fusion is revealed by the presence of cells labeled with FD10, but not with RITC (C, arrow). At this time the
host embryo has formed a thickened vegetal plate (D). Later about 15 donor PMCs can be seen joined into a syncytium (E) while host PMCs are
in the process of ingression (F, arrow). v, vegetal plate. Bar, 40 mm.
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FIG. 11. Filopodial contacts between PMCs and SMCs during gastrulation, concurrent with SMC fusion. Six images of a time-lapse video
recording of a gastrulating L. variegatus embryo are shown. Times are indicated in minutes and seconds. (A) Two SMCs have fused (s1)
while being in continuous filopodial contact (arrow) with PMCs (p). Another SMC moves into the focal plane (s2 in B). Fusion between s1
and s2 (C–F) results in coalescence of cell bodies (arrowhead in C). A filopodium extended by s2 makes direct contact with PMCs during
this time (arrow in E and F). Bar, 5 mm.
FIG. 10. PMC fusion at late developmental stages. (A) Late gastrula L. pictus embryo after transplantation of a single, FD10-labeled PMC (green)
at the tip of the archenteron. (B) Fluorescence image of the same embryo after overnight development showing that the dye is now present
throughout the PMC syncytium. (C, D) A similar experiment in which two labeled PMCs were transplanted into an early pluteus embryo (C).
Endogenous PMCs are still fusion competent, as shown by the presence of dye in the syncytium after incubation (D). Bars, 40 mm.
121Mesenchymal Cell Fusion in the Sea Urchin
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
conclude that this specificity is not the result of physical
separation of the two cell types or to a loss of fusion
competence on the part of PMCs prior to the ingression of
SMCs. Instead, at developmental stages when both PMCs
and SMCs are fusion competent, homotypic contacts can
lead to fusion while heterotypic contacts never do. This
specificity is reflected at the cellular level by differences in
fusion behavior between PMCs and SMCs. In vivo, PMCs
fuse through filopodia and their cell bodies remain distinct,
while blastocoelar cells often coalesce laterally, forming
large, multinucleated cells.
These studies lay a framework for understanding the
molecular basis of mesodermal cell fusion in sea urchin
embryos. Analysis of PMC fusion competence suggests that
a putative fusion molecule (e.g., an ADAM) would first be
expressed on the cell surface 2 h after the onset of migration
and persist throughout embryogenesis. It should be present
in filopodia, the site of fusion, but absent from cell bodies.
Such a spatially restricted localization could be similar to a
proposed concentration of fertilin to the equatorial/
posterior head domain of mammalian sperm, the area
involved in binding and fusion with the egg (see Myles,
1993). There is evidence that at least one antigenic deter-
minant on PMCs is enriched in filopodia (Hodor and Etten-
sohn, unpublished observations). If a candidate fusion pro-
tein shows a different temporal or spatial expression
pattern, then our data argue that some key regulator(s) of
the activity of the fusion protein must be restricted to
filopodia or to the fusogenic period of development. In the
case of SMCs, however, fusion proteins are expected to be
expressed over the entire cell surface. PMC and SMC fusion
specificities predict differences in the molecular fusion
pathways of the two cell types, either through the expres-
sion of distinct, noncomplementary fusogenic proteins or
through associated factors that allow fusion only at homo-
typic contacts.
Our DiI labeling studies and cell transplantation experi-
ments show that from the midgastrula stage to the end of
embryonic development, the PMCs are joined in a single,
extensive syncytium. During this time several mRNAs
encoding proteins involved in skeletogenesis are expressed
in nonuniform patterns within the PMC population (Har-
key et al., 1992; Guss and Ettensohn, 1997). It is currently
unknown how such asymmetries arise and are maintained
within the PMC syncytial network, e.g., whether by local
stimulation of transcription, directional mRNA transport
within the syncytium, or other mechanisms that have been
shown to regulate the distribution of mRNAs within eu-
karyotic cells (St. Johnston, 1995).
In different developing systems, one can distinguish two
broad classes of fusion behavior based on whether or not the
two partners are equivalent. Several molecular and behav-
ioral criteria indicate that, during the time interval of
fusion, all PMCs are equivalent (Ettensohn, 1990). Fusion
between equivalent cells also occurs in the vegetative cells
of the fungus Neurospora crassa (Beadle and Coonradt,
1944). Although myoblasts that fuse in vitro appear to be
equivalent, in vivo, at least in insects, myogenesis is
FIG. 12. Fusion between PMCs and converted SMCs. (A) Brightfield image and (B) corresponding fluorescence stereo pair of a midgastrula
L. variegatus embryo (animal view) that was depleted of its own PMCs and into which 13 FD10-labeled PMCs (arrows) were transplanted.
(C, D) The same embryo as in A and B allowed to develop until control, sibling embryos had reached the prism stage. More than 50
fluorescent cells are present (D), demonstrating the formation of a common syncytium between converted SMCs and the original PMCs.
Bars, 20 mm.
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initiated by distinct founder cells that produce an initial
syncytium, joined later by other myoblasts (Ho et al., 1983;
Bate, 1990). Founder cells can be specialized with respect to
protein expression (Dohrmann et al., 1990). Fusion of hy-
podermal cells in the nematode (Podbilewicz and White,
1994) and endoderm precursors in the leech (Isaksen et al.,
1996) follows a different pattern, in which a precise se-
quence of fusion events occurs between cells that are
distinct in size, shape, and position within the embryo.
Finally, fertilization involves fusion between two highly
dissimilar cells. It remains to be seen if these differences in
fusion pattern and/or the developmental equivalence of
fusion partners are associated with an underlying diversity
in molecular mechanisms.
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